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Abstract 
 Interfacial spin to charge conversion arises due to an electric potential perpendicular to the 
interface. The electric potential can be artificially induced, for example, using ferroelectric and 
piezoelectric thin films at the interface. An alternate way to induce the electric potential could be 
flexoelectric field. The flexoelectricity can be observed in all the material that either have or lack 
inversion symmetry, additionally no large gate bias is needed. In this experimental study, we report 
large spin to charge conversion (spin-Hall angle- 0.578) at Ni80Fe20/amorphous-Si interfaces 
attributed to flexoelectricity mediated Rashba spin-orbit coupling. The flexoelectricity at the 
interface also gave rise to interlayer spin-acoustic phonon or flexo-magnetoelastic coupling. In 
addition to spin-charge conversion, the strained interfaces also led to almost three-fold increase in 
anomalous Nernst effect. This strain engineering for spin dependent thermoelectric behavior at 
room temperature opens a new window to the realization of spintronics and spin-caloritronics 
devices.  
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A. Introduction 
Structure inversion asymmetry (SIA) at interfaces give rise to Rashba spin-orbit coupling 
(SOC), which is being extensively investigated for various spintronics devices[1,2]. We 
hypothesized that the spontaneous polarization under an applied strain gradient (known as the 
flexoelectric effect – shown in Figure 1 (a)) will give rise to an electric field normal to the interface, 
which can give rise to Rashba SOC and large spin to charge conversion especially at 
semiconductor interfaces. For a uniform strain gradient, the flexoelectric field can be written as: E" = $%&'() *+%&*,'          (1) 
Where 
*+%&*,', µ./0" and ε are strain gradient, flexoelectric coefficient and dielectric constant 
respectively. Hence, the flexoelectric field will give rise to interfacial Rashba SOC[3] at the 
interface, which can be written as: H3 ∝ 5E6⃗ × p6⃗ : ∙ σ6⃗ = E=5−p?σ, + p,σ?: = $AA,CC) *+AA*,C 5−p?σ, + p,σ?:  (2) 
Where p6⃗  and σ6⃗  are momentum and spin polarization vectors respectively. While the 
flexoelectric polarization is very weak in bulk centosymmetric materials, it can be orders of 
magnitude larger in nanoscale materials and at interfaces[4-6]. The flexoelectric effect could also 
lead to charge separation, increasing the charge carrier density in the two-dimension electron gas 
system (2DES) at the interface. The combined effect of strain[7], strain gradient and charge 
separation[8] in doped semiconductors will lead to an interfacial 2DES with strong Rashba SOC. 
Unlike the Rashba SOC in metallic thin film structures, the flexoelectric field driven Rashba SOC 
can be controlled by changing the strain gradient. Over the years, experimental studies have 
reported both proximity driven strong spin-splitting at Si surfaces[9,10] as well as weak Rashba 
SOC in Si 2DES[11,12]. Recently, Yang et al. experimentally reported that flexo-photovoltaic 
response in p-Si was an order of magnitude larger than SrTiO3 [13]. Similarly, Lou et al. reported 
observation of large spin-Hall effect in Si due to strain gradient[14]. These studies led us to 
hypothesize that strain gradient mediated 2DES at the p-doped Si interface might exhibit stronger 
Rashba SOC and large spin-to-charge conversion without any gate biasing. Our hypothesis is 
similar to a recent report where ferroelectric field perpendicular to the interface was used to 
manipulate spin to charge conversion[15]. Instead, we propose to use flexoelectric field, which 
does not require large gate bias. We chose amorphous-Si (a-Si) as it lacks a center of inversion 
and may exhibit larger flexoelectric polarization as well as strain splitting at nanoscale. The metal 
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interface with p-doped a-Si will have a 2DES due to band bending as shown in Figure 1 (a). We 
chose highly doped Si layer to have higher carrier concentration due to charge separation[8]. The 
hypothesis was tested using a spin-Seebeck effect (SSE) measurement in p-doped a-Si thin film 
interfaces. The spin-to-charge conversion in the case of a-Si was found to be an order of magnitude 
larger than that of Pt. This difference disappeared when the strain was relaxed, proving our 
hypothesis that strain and strain gradient caused by residual stresses give rise to 2DES and Rashba 
SOC. 
B. Experimental results  
The SSE, discovered by Uchida et al.[16,17], is a composite effect of thermal spin current 
and spin-to-charge conversion, which produces an electric field given by, EDEFG = −Sσ × ∇T                                                                      (3) 
where, S is spin Seebeck coefficient and σ is the spin polarization vector. In the above 
equation, σ can be replaced by M (magnetization), which gives rise to an equation for an anomalous 
Nernst effect (ANE). It was noted that both SSE and ANE have identical symmetry behavior, 
which may lead to false identification of ANE as SSE[18,19]. Hence, we 
fabricated[20,21](Supplementary Information A) four devices with the following sample 
structures: a Ni80Fe20 (25 nm) control device, a Pt (3 nm)/Ni80Fe20 (25 nm), a Ni80Fe20 (25 nm)/a-
Si (50 nm) and a Ni80Fe20 (25 nm)/a-Si (5 nm). These devices will allow us to estimate the ANE 
contribution and also evaluate the efficiency of the spin-to-charge conversion of the a-Si. The order 
of layers in the Pt sample was switched to ensure that the anomalous Nernst effect (ANE) and 
transverse spin dependent thermal responses have the same sign[22]. The schematic of the device 
and a representative image are shown in Figure 1 (b,c), respectively. The temperature gradient 
(∆T=) was generated across the thickness of the thin film sample by passing an electric current (I) 
through the Pt heater, as shown in Figure 1 (b). The residual compressive stresses, due to lattice 
mismatch and thermal expansion[23], in the MgO and Pt heater layer (Supplementary Figure S1) 
lead to a strain as well as a strain gradient in the sample, as shown in the Figure 1 (d). The resulting 
flexoelectric effect will lead to the hypothesized Rashba SOC at the interface. It was noted that the 
Pt heater layer was electrically isolated from the sample and will make no contribution towards 
any spin dependent response. The structure of the thin films was verified using a high-resolution 
transmission electron microscope (HRTEM) study (Supplementary information-A) for the 
Ni80Fe20 (25 nm)/a-Si (5 nm) sample, as shown in Figure 1 (e)-(f). From the HRTEM study, we 
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observed a continuous a-Si thin film layer for a 5 nm a-Si sample. We did not observe any 
measurable Ni or Fe diffusion in the a-Si layer as shown in Figure 1 (f). Using HRTEM and AFM 
measurement, we deduced that the mean roughness for the a-Si samples is ~1.22 nm, as shown in 
Supplementary Figure S2.  
 
Figure 1. (a) a schematic showing flexoelectric polarization in Si lattice due to strain gradient and 
band diagram showing the mechanistic origin of Rashba SOC and interlayer coupling, (b) a 
schematic showing the experimental setup with the temperature gradient, (c) a representative false 
color scanning electron micrograph showing the experimental device, (d) a schematic showing the 
origin of strain and strain gradient leading to the interfacial spin-Seebeck effect in our experimental 
setup (e) a high resolution transmission electron micrograph showing the layered structure of the 
experimental specimen and (f) an energy dispersive X-ray spectroscopy elemental map showing 
the thin film layers and interfaces.  
The transverse thermoelectric response measurements were undertaken at 30 mA/5 Hz of 
heating current and resulting VNO response (being quadratic in heating current) was acquired as a 
function of the magnetic field (1500 Oe to -1500 Oe) applied in the y-direction (normal to the 
temperature gradient). This is called in-plane magnetized (IM) configuration of thermoelectric 
response measurement. The VNO responses were measured at 300 K as shown in Figure 2 (a) and 
the measured responses are listed in Table 1. All the samples had the resistances between 320 Ω- 
350 Ω and Ni80Fe20 thin film resistivity was expected to be 5×10-7 Ωm. We used the 3ω method[24] 
to estimate the increase in heater temperature and finite element method simulation to estimate the 
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temperature drop across Ni80Fe20 layers as shown in Supplementary section C and Supplementary 
Figure S3-S4. The heater temperature was stable and did not deviate under an applied magnetic 
field as shown in Supplementary Figure S5.  In the case of Ni80Fe20, the measured response of 15.1 
µV was attributed to the ANE (easy axis). In the case of the Pt sample, the estimated transverse 
spin dependent response was due to SSE having magnitude of ~18 µV; a behavior consistent with 
the reported ANE and SSE responses for the Pt/ Ni80Fe20 sample[22]. The corresponding 
transverse spin dependent thermal response in the case of the a-Si samples will be ~70 µV and 
150.35 µV for 50 nm and 5 nm a-Si, respectively, which was 4 times and 8.5 times that of SSE 
response in Pt sample. This difference cannot arise due to shunting effect since the resistivity of 
the a-Si is two order of magnitude larger than Ni80Fe20 thin film. The interfacial roughness between 
50 nm and 5 nm a-Si samples was not different, as shown in Supplementary Figure S2, and will 
not cause observed difference in measurements. The estimated the spin-Seebeck coefficients were 
1.032±0.1 µV/K and 0.458±0.05 µV/K for 5 nm a-Si and 50 nm a-Si devices, respectively, (details 
in Supplementary Information C). The corresponding ANE (easy axis) coefficient of Ni80Fe20 was 
estimated to be 0.1 µV/K. This value was approximately two times larger than the values reported 
in literature (0.045 µV/K)[25], which could be due to interfacial (oxide) contribution.  
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Figure 2. (a) the transverse spin dependent thermal measurement for Ni80Fe20 (25 nm), Pt (3 
nm)/Ni80Fe20 (25 nm), Ni80Fe20 (25 nm)/a-Si (50 nm) and Ni80Fe20 (25 nm)/a-Si (5 nm) samples at 
300 K, (b) the spin-Seebeck effect measurements for Ni80Fe20 (25 nm)/Cu (10 nm)/a-Si (25 nm) 
sample at 300 K, (c) the high magnetic field transverse spin dependent thermal measurement for 
Ni80Fe20 (25 nm)/a-Si (5 nm) sample at 5 K, and (d) the transverse spin dependent thermal 
measurement as a function of temperature for Ni80Fe20 (25 nm)/a-Si (5 nm) sample at an applied 
magnetic field (µH?) of 1 T, 5 T, 10 T and 14 T from 300 K to 10 K. The fluctuations in the 
temperature-dependent measurements are due to instrumental settings. 
We also measured the transverse thermoelectric response of 33.5 µV in 50 nm a-Si sample 
at 20 mA of heater current as shown in Supplementary Figure S6 (a). Heating power follows a 
quadratic relationship with the current. And corresponding response at 30 mA should have been 
75.37 µV (2.25 times 33.5 µV) as compared to 85 µV. This difference was attributed to the 
additional strain gradient due to thermal expansion mismatch at the interface. Similarly, we 
measured the angle dependent VNO response at 20 mA of heating current in sample with 5 nm a-Si 
as shown in Supplementary Figure 6 (b). The measurement showed cosine behavior as expected 
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for ANE/SSE behavior. The overall response was measured to be ~67 µV. Similar to 50 nm 
sample, the response at 30 mA was larger than expected, which was again attributed to the strain 
gradient. The larger strain gradient was also responsible for larger transverse spin dependent 
thermal response in the thinner 5 nm a-Si sample. Then, we introduced a 10 nm Cu layer in between 
the Ni80Fe20 (25 nm) and a-Si (25 nm) to remove the ferromagnetic proximity effect[26,27] in the 
strained configuration. For similar heating power, we measure the VNO response to be 95.8 µV for 
this, which was larger than that of Pt sample. The addition of Cu layer should have reduced the 
transverse thermal response due to shunting effect. However, the larger response in this case might 
arise from an additional strain gradient in 25 nm a-Si layer due to additional layer. This 
measurement eliminated the ferromagnetic proximity effect. 
Table 1. List of ANE (easy axis) and SSE responses and corresponding coefficients for both 
unstrained and strained samples in IM configuration. 
IM 
configuration Sample 
𝟐(𝐕𝐀𝐍𝐄 +	𝐕𝑺𝑺𝑬) 
(µV)  
ANE/SSE Coefficient 
(µV/K) 
Strained 
Ni80Fe20 15.1 0.1 (ANE) 
Pt/Ni80Fe20 33 0.117 (SSE) 
Ni80Fe20/a-Si (50 nm) 85 0.458±0.05 (SSE) 
Ni80Fe20/a-Si (5 nm) 165.45 1.032±0.1 (SSE) 
Ni80Fe20/Cu/a-Si (25 nm) 95.8 - 
Unstrained 
Ni80Fe20 0.35 - 
Pt/Ni80Fe20 0.71 - 
a-Si (50 nm)/Ni80Fe20  0.95 - 
To uncover the effects of strain gradient, we fabricated a set of control devices with 
unstrained samples where the position of sample and heater were switched as shown in 
Supplementary Figure S7. The transverse thermoelectric responses in IM configuration were 
measured in a-Si (50 nm)/Ni80Fe20, Ni80Fe20 and Pt/Ni80Fe20 unstrained samples, as shown in 
Supplementary Figure S8 (a)-(d) and listed in Table 1. The spin dependent thermal response in a-
Si sample was found to be 1.67 times larger than that of Pt sample as compared to four times in 
strained sample (Details in Supplementary Section E). This difference clearly supported our 
hypothesis of strain gradient mediated Rashba SOC at the interface. The temperature information 
in unstrained sample was not measured and coefficient could not be calculated.  
Then, we measured the VNO response at 5 K for 10 mA of heating current and applied 
magnetic field from 14 T to -14 T in the 5 nm a-Si bilayer sample, as shown in Fig. 2 (c). The 
 9 
magnonic spin current could be suppressed at low temperatures and with high magnetic 
field[28,29], which we did not observe as shown in Figure 2 (c). This suggested that the origin of 
the spin current was due to the spin dependent Seebeck effect (SDSE). This assertion was further 
supported by the VNO response as a function of temperature from 10 K to 300 K with applied 
magnetic field 1 T, 5 T, 10 T, and 14 T as shown in Fig. 2 (d). The VNO response increased as the 
magnetic field was increased. This shows that the origin of spin current was most likely electronic 
and not magnons[30], hence the SDSE was the underlying cause of the transverse spin dependent 
thermal response reported in this work. The increase in the VNO response with increasing magnetic 
field could be attributed to an increase in SDSE due to a reduction in electron-magnon scattering 
at higher magnetic fields. While the origin of spin current was due to SDSE, we propose to call 
transverse spin dependent thermal response as SSE since the detection was attributed to the spin-
to-charge conversion. 
 
Figure 3.  The VNO response perpendicularly magnetized (PM) configuration for an applied 
magnetic field sweep from 2 T to -2 T in (a) Ni80Fe20 (25 nm), (b) Pt(3nm)/Ni80Fe20 (25 nm). 
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Similar measurement in (c) Ni80Fe20 (25 nm)/a-Si (5 nm) and (d) Ni80Fe20 (25 nm)/Cu (10 nm)/a-
Si (25 nm) samples. (e) shows the low field behavior (between 0.3 T to -0.3 T) in Ni80Fe20 (25 
nm)/Cu (10 nm)/a-Si (25 nm) sample. Inset in (a) shows the measurement setup. Arrows in (a) 
shows the direction of magnetic field sweep. 
Then, we undertook measurements in perpendicularly magnetized (PM) configuration[19]. 
In PM configuration, in-plane temperature difference (ΔT?) and out of plane magnetic field (µH=) 
led to transverse thermal response as shown in inset of Figure 3 (a). In the measurement devices, 
the heater and sample had an offset due to lithographic misalignment, as shown in Figure 1 (c). 
This offset gave rise to a temperature gradient along the y-axis. Since the misalignment was not 
controlled, the resulting temperature difference varies from sample to sample. The transverse 
thermoelectric responses in all the unstrained and strained were measured in PM configuration for 
applied magnetic field of 2 T to -2 T as shown in Supplementary Figure S9 and Figure 3, 
respectively, and are listed in Table 2. We also estimated the ANE (hard axis) coefficients, ONE 
responses and ONE coefficients for all the samples as shown in Table 2. The temperatures were 
estimated using planar Nernst effect (PNE) coefficient of 70 nV/K[31] and assuming ONE 
coefficient will not change in Ni80Fe20 sample since it is bulk property (details in Supplementary 
Section E).  
Table 2. List of ANE (hard axis) and ONE responses and corresponding coefficients for both 
unstrained and strained samples in PM configuration. 
PM 
configuration Sample 
𝟐𝐕𝐀𝐍𝐄 
(Hard-axis) 
(µV)  
ANE 
Coefficient 
(µV/K) 
ONE 
(µV/T) 
ONE 
coefficient 
(µV/(KT) 
Strained 
Ni80Fe20 52.50 6.6 0.445 0.113 
Pt/Ni80Fe20 185 4.65 1.84 0.0926  
Ni80Fe20/a-Si (5 
nm) 95.93 6.6 
-6.3 (-µHz) 
and 
-8.3 (+µHz) 
-0.542 (-µHz) 
and  
-0.714 (+µHz) 
Ni80Fe20/Cu/a-
Si (25 nm) 71.5 6.6 -3.6 µV/T -0.664 
Unstrained 
Ni80Fe20 15.45  2.565  0.278 0.113 
Pt/Ni80Fe20 15.40 2.565  0.338 0.0926  
a-Si (50 
nm)/Ni80Fe20  
2.5 2.565 0.0015 0.0015 
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The transverse thermoelectric response behavior in strained configuration are shown in 
Figures 3 (a)-(d). The ANE (hard-axis) coefficients were estimated to be 2.565 (±10%) µV/K and 
6.6(±10%) µV/K for unstrained and strained Ni80Fe20 samples, respectively. The ANE (hard-axis) 
coefficient was found to be ~0.128 times the Seebeck coefficient in the unstrained sample and it 
was similar to bulk value of 0.13[32,33], which then increased to 0.33 in the strained sample 
(Supplementary Section E). This increase arose due to self-induced spin dependent behavior at 
strained MgO and SiO2 interfaces[34]. This argument was supported by reduction in ANE (hard-
axis) coefficient (4.65 µV/K) in strained Pt/Ni80Fe20 sample, where Ni80Fe20 layer had only one 
interface with the oxide (details in Supplementary Section E). This measurement showed that 
strained interfaces could change the behavior significantly. This measurement also showed that 
there was an order of magnitude difference between easy-axis and hard-axis ANE coefficients. 
This was attributed to the increased surface/interfacial scattering in the out of plane temperature 
gradient causing reduction in easy-axis ANE coefficient. The SONE were 0.113(±10%) µV/(KT) 
and 0.0926(±10%) µV/(KT) in Ni80Fe20 and Pt/ Ni80Fe20 samples, respectively, as shown in Table 
2. 
The transverse thermoelectric response in Ni80Fe20/a-Si (5 nm) and Ni80Fe20/Cu/a-Si (25 
nm) samples had ANE (hard axis) response, ONE response and an additional unknown response 
superimposed on them as shown in Figure 3 (c,d). The ONE response was negative for both the 
samples. The ONE response from impurity scattering is positive and from acoustic phonon 
scattering is negative. Hence, this transition was attributed to the acoustic phonon scattering[35]. 
However, the change in sign of ANE (hard axis) response in the Ni80Fe20/a-Si (5 nm) bilayer was 
intriguing since ANE in Ni80Fe20 was considered to be scattering independent[36]. Yang et al.[37] 
observed a similar to sign in anomalous Hall effect (AHE) in MnxSi1-x, which they attributed to 
Rashba SOC. However, Rashba SOC might not lead to change in sign directly. The AHE due to 
skew-scattering is considered to have opposite sign as compared to intrinsic AHE[38-40]. We 
propose that the change in sign of ANE (hard axis) was due to transition from intrinsic mechanism 
to skew-scattering mechanism. We propose that acoustic phonon mediated flexo-magnetoelastic 
interlayer coupling between Ni80Fe20 and a-Si was the underlying cause of skew-scattering and it 
was also supported by negative ONE response from acoustic phonon scattering. The response in 
unstrained a-Si (50 nm)/Ni80Fe20 corroborated our hypothesis since both ONE and ANE (hard axis) 
responses were positive as shown in Table 2 and Supplementary Figure S9 (c). The positive ANE 
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(hard axis) response in sample with Cu interlayer also supported our hypothesis as shown in Table 
2 and Figure 3 (d).  
These measurements further supported our contention that the response in IM configuration 
was due to strain gradient mediated SSE and not ANE (easy axis). The ANE (hard axis) response 
in the PM configuration was negative whereas the corresponding SSE response (in IM 
configuration) was positive in Ni80Fe20/a-Si (5 nm) sample. If the origin of the thermoelectric 
response in Ni80Fe20/a-Si (5 nm) sample in IM configuration was ANE (easy axis) then the sign 
should have been negative as opposed to positive. These measurements in PM configuration also 
suggested an additional reason for the larger SSE response in sample with Cu interlayer. In a-Si 
samples without the Cu interlayer, the ANE (easy axis) response was, possibly, negative and 
should be added to the measured response whereas in sample with Cu spacer the ANE (easy axis) 
response was positive and already included in the total response. If we use this analogy then the 
SSE response in 50 nm a-Si, 5 nm a-Si and sample with Cu spacer should be 100.1 µV, 180.45 µV 
and 80.7 µV, respectively. This might explain the absence of shunting effect in the raw data in 
addition to extra strain from Cu layer as stated earlier. 
Then, we analyzed the unknown low field response in a-Si samples with and without Cu 
interlayer. When an external magnetic field perpendicular to the Rashba interface is applied, it will 
induce an out of plane spin component in Rashba 2DES[41]. This was proposed to be the cause of 
observed low field response since large magnetic field quenched the observed response. In 
Ni80Fe20/a-Si (5 nm) sample, the ONE response was significantly different for positive (-8.3 µV/T) 
and negative (-6.3 µV/T) magnetic fields. This asymmetry might arise due to interfacial spin 
polarization (out of plane) and was not observed in any other sample. In addition, the existence of 
out of plane spin component was verified from the low field response (in PM configuration) in 
sample with Cu interlayer, which exhibited a switching behavior that was similar to an exchange 
biased (between Si/Cu and Ni80Fe20/Cu interfaces) layered thin film as shown in Figure 3 (e). This 
exchange biased switching was absent in the IM configuration as shown Figure 2(b) – a behavior 
expected of Rashba coupled 2DES. This low field behavior was clearly absent in Ni80Fe20 and 
Pt/Ni80Fe20 samples as shown in Figure 3(a,b), respectively. In addition, this low field behavior 
was not observed in unstrained a-Si (50 nm)/Ni80Fe20 sample as shown in Supplementary Figure 
S9 (c), which meant that strain gradient was expected to be the primary cause of observed 
responses in strained a-Si samples shown in Figure 3 (c,d). 
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C. Discussion 
The experimental results presented in this study demonstrated large spin-Seebeck 
responses. The next step was quantitative description of the spin-to-charge conversion efficiency. 
The spin-Hall angle of the Pt was 0.068[42] for Ni80Fe20 ferromagnetic source. We estimated that 
the SSE response of 5 nm a-Si was 8.5 times that of SSE in Pt sample. The corresponding spin-
Hall angle for 5 nm a-Si will be 0.578. This value was much larger than that of most heavy 
metals[43]. The effective spin mixing conductance in bulk Si (1.74×1019 m-2 – 5.2×1019 m-
2)[44,45] was reported to be similar to that of Pt (2.1×1019 m-2) [46]. Hence, the spin injection 
efficiency might not be the underlying cause of large spin to charge conversion in a-Si. However, 
the strained a-Si might have larger spin mixing conductance due to magnetoelastic coupling and 
might contribute towards larger SSE response. The largest spin-Seebeck coefficient in this work 
was estimated to be 1.032 µV/K, which was smaller than YIG/NiO/Pt system reported by Lin et 
al[47]. Our value was similar to Fe3O4/Pt system[48]. However, we achieved it using strain gradient 
and in spite of insignificant SOC in Si.   
For Rashba SOC-coupled 2DES, an alternate method to define the spin-to-charge 
conversion efficiency is Rashba-Edelstein length λDGG = α3τ/ℏ, where α3 and τ are Rashba 
parameter and relaxation time, respectively. The Rashba spin splitting cannot be calculated from 
transport measurements. However, the Rashba-Edelstein length can be estimated using 
multiplication of spin-Hall angle and spin diffusion length. The smallest thickness of the a-Si used 
in our studies was 5 nm and it had the highest spin-Seebeck response. We assumed that spin 
diffusion length is approximately 5 nm. Using this value, we estimated the Rashba-Edelstein length 
for a-Si samples to be ~2.68 nm. This value was larger than the value of Rashba-Edelstein length 
in the case of strained HgTe [49](λDGG = 2) and a-Sn[50] ). The largest magnitude of Rashba-
Edelstein length has been reported for the 2DES at LAO/STO interface under a large gate bias 
(125 V[51] to 175 V[52]). However, there was no need for gate bias in the case of p-doped a-Si, 
as shown in this study. The Rashba parameter was estimated to be 1.3´10-12 eV-m when compared 
with LAO/STO 2DES system (λDGG = 6.4	nm) [51]. 
D. Conclusion 
 In conclusion, we reported one of the largest thermal spin-to-charge conversion response 
at a strained metal/a-Si interface. The efficiency of spin-to-charge conversion was an order of 
magnitude larger than that of Pt and similar to topological insulator surface states, however, 
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without any added fabrication complexity. We also presented the first experimental proof of 
flexoelectric polarization mediated Rashba SOC, which avoided any gate biasing. The 
flexoelectric field also induced spin-acoustic phonon (magnetoelastic) coupling that inverts the 
sign of ordinary Nernst effect as well as anomalous Nernst effect from positive to negative in 
Ni80Fe20/a-Si bilayers. Interfacial strain not only gave rise to large spin to charge conversion but it 
also led to 2.5 times increase in anomalous Nernst coefficient in Ni80Fe20 thin films. The 
observation of a large SSE in an a-Si challenges the inherent need for large intrinsic SOC in 
spintronics and spin-caloritronics research.  
 
Acknowledgement 
The fabrication of experimental devices was done at the Center for Nanoscale Science and 
Engineering at UC Riverside. The electron microscopy sample preparation and imaging were done 
at the Central Facility for Advanced Microscopy and Microanalysis at UC Riverside. SK 
acknowledges research gift from Dr. S Kumar. 
Conflict of interest 
Authors declare no conflict of interest. 
 
References 
[1] A. Manchon, H. C. Koo, J. Nitta, S. M. Frolov, and R. A. Duine, Nat Mater 14, 871 
(2015). 
[2] A. Soumyanarayanan, N. Reyren, A. Fert, and C. Panagopoulos, Nature 539, 509 (2016). 
[3] P. Z. Hanakata, A. S. Rodin, H. S. Park, D. K. Campbell, and A. H. Castro Neto, Physical 
Review B 97, 235312 (2018). 
[4] N. T. D., M. Sheng, Y. Yao-Wen, P. P. K., and M. M. C., Advanced Materials 25, 946 
(2013). 
[5] D. Lee and T. W. Noh, Philosophical Transactions of the Royal Society A: Mathematical, 
    Physical and Engineering Sciences 370, 4944 (2012). 
[6] S. Das, B. Wang, T. R. Paudel, S. M. Park, E. Y. Tsymbal, L.-Q. Chen, D. Lee, and T. 
W. Noh, Nature Communications 10, 537 (2019). 
[7] Y. Kato, R. C. Myers, A. C. Gossard, and D. D. Awschalom, Nature 427, 50 (2004). 
[8] Z. Wu, J. B. Neaton, and J. C. Grossman, Nano Letters 9, 2418 (2009). 
[9] I. Gierz, T. Suzuki, E. Frantzeskakis, S. Pons, S. Ostanin, A. Ernst, J. Henk, M. Grioni, 
K. Kern, and C. R. Ast, Phys. Rev. Lett. 103, 046803 (2009). 
[10] S. Y. Matsushita, A. Takayama, E. Kawamoto, C. Hu, S. Hagiwara, K. Watanabe, T. 
Takahashi, and S. Suto, Phys. Rev. B 96, 125302 (2017). 
[11] T. Okamoto, M. Ooya, K. Hosoya, and S. Kawaji, Phys. Rev. B 69, 041202 (2004). 
 15 
[12] K. Ono, G. Giavaras, T. Tanamoto, T. Ohguro, X. Hu, and F. Nori, Phys. Rev. Lett. 119, 
156802 (2017). 
[13] M.-M. Yang, D. J. Kim, and M. Alexe, Science  (2018). 
[14] P. C. Lou, A. Katailiha, R. G. Bhardwaj, T. Bhowmick, W. P. Beyermann, R. K. Lake, 
and S. Kumar, Phys. Rev. B 101, 094435 (2020). 
[15] P. Noël, F. Trier, L. M. Vicente Arche, J. Bréhin, D. C. Vaz, V. Garcia, S. Fusil, A. 
Barthélémy, L. Vila, M. Bibes, and J.-P. Attané, Nature 580, 483 (2020). 
[16] K. Uchida, S. Takahashi, K. Harii, J. Ieda, W. Koshibae, K. Ando, S. Maekawa, and E. 
Saitoh, Nature 455, 778 (2008). 
[17] K. Uchida, J. Xiao, H. Adachi, J. Ohe, S. Takahashi, J. Ieda, T. Ota, Y. Kajiwara, H. 
Umezawa, H. Kawai, G. E. W. Bauer, S. Maekawa, and E. Saitoh, Nat Mater 9, 894 (2010). 
[18] M. Schmid, S. Srichandan, D. Meier, T. Kuschel, J. M. Schmalhorst, M. Vogel, G. Reiss, 
C. Strunk, and C. H. Back, Phys. Rev. Lett. 111, 187201 (2013). 
[19] T. Kikkawa, K. Uchida, S. Daimon, Y. Shiomi, H. Adachi, and Z. Qiu, Phys. Rev. B 88, 
214403 (2013). 
[20] R. G. Bhardwaj, P. C. Lou, and S. Kumar, Appl. Phys. Lett. 112, 042404 (2018). 
[21] R. G. Bhardwaj, P. C. Lou, and S. Kumar, physica status solidi (RRL) – Rapid Research 
Letters 12, 1800064 (2018). 
[22] J. Holanda, O. Alves Santos, R. O. Cunha, J. B. S. Mendes, R. L. Rodríguez-Suárez, A. 
Azevedo, and S. M. Rezende, Phys. Rev. B 95, 214421 (2017). 
[23] L. W. Martin and A. M. Rappe, Nature Reviews Materials 2, 16087 (2017). 
[24] D. G. Cahill, Rev. Sci. Instrum. 61, 802 (1990). 
[25] T. C. Chuang, P. L. Su, P. H. Wu, and S. Y. Huang, Phys. Rev. B 96, 174406 (2017). 
[26] D. Tian, Y. Li, D. Qu, X. Jin, and C. L. Chien, Appl. Phys. Lett. 106, 212407 (2015). 
[27] T. Kikkawa, K. Uchida, Y. Shiomi, Z. Qiu, D. Hou, D. Tian, H. Nakayama, X. F. Jin, and 
E. Saitoh, Phys. Rev. Lett. 110, 067207 (2013). 
[28] H. Jin, S. R. Boona, Z. Yang, R. C. Myers, and J. P. Heremans, Phys. Rev. B 92, 054436 
(2015). 
[29] T. Kikkawa, K.-i. Uchida, S. Daimon, Z. Qiu, Y. Shiomi, and E. Saitoh, Phys. Rev. B 92, 
064413 (2015). 
[30] S. Hoffman, K. Sato, and Y. Tserkovnyak, Phys. Rev. B 88, 064408 (2013). 
[31] A. D. Avery, M. R. Pufall, and B. L. Zink, Phys. Rev. B 86, 184408 (2012). 
[32] A. Slachter, F. L. Bakker, and B. J. van Wees, Phys. Rev. B 84, 020412 (2011). 
[33] S. Y. Huang, W. G. Wang, S. F. Lee, J. Kwo, and C. L. Chien, Phys. Rev. Lett. 107, 
216604 (2011). 
[34] W. Wang, T. Wang, V. P. Amin, Y. Wang, A. Radhakrishnan, A. Davidson, S. R. Allen, 
T. J. Silva, H. Ohldag, D. Balzar, B. L. Zink, P. M. Haney, J. Q. Xiao, D. G. Cahill, V. O. 
Lorenz, and X. Fan, Nature Nanotechnology 14, 819 (2019). 
[35] S. S. Li, in Semiconductor Physical Electronics (Springer, 2006), pp. 171. 
[36] T. Miyasato, N. Abe, T. Fujii, A. Asamitsu, S. Onoda, Y. Onose, N. Nagaosa, and Y. 
Tokura, Phys. Rev. Lett. 99, 086602 (2007). 
[37] A. C. Yang, S. S. Yan, K. Zhang, H. H. Li, J. Pei, L. M. He, Y. F. Tian, Y. F. Qin, S. S. 
Kang, and S. Q. Xiao, RSC Advances 6, 55930 (2016). 
[38] H. Ishizuka and N. Nagaosa, Science Advances 4 (2018). 
 16 
[39] S. Zhang, R. Wang, X. Wang, B. Wei, B. Chen, H. Wang, G. Shi, F. Wang, B. Jia, Y. 
Ouyang, F. Xie, F. Fei, M. Zhang, X. Wang, D. Wu, X. Wan, F. Song, H. Zhang, and B. Wang, 
Nano Letters 20, 709 (2020). 
[40] Y. Taguchi, T. Sasaki, S. Awaji, Y. Iwasa, T. Tayama, T. Sakakibara, S. Iguchi, T. Ito, 
and Y. Tokura, Phys. Rev. Lett. 90, 257202 (2003). 
[41] P. Upadhyaya, S. Pramanik, S. Bandyopadhyay, and M. Cahay, Phys. Rev. B 77, 045306 
(2008). 
[42] Y. Wang, P. Deorani, X. Qiu, J. H. Kwon, and H. Yang, Appl. Phys. Lett. 105, 152412 
(2014). 
[43] J. Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back, and T. Jungwirth, Rev. Mod. 
Phys. 87, 1213 (2015). 
[44] Y.-C. Weng, C. T. Liang, and J. G. Lin, Appl. Phys. Lett. 115, 232101 (2019). 
[45] E. Shikoh, K. Ando, K. Kubo, E. Saitoh, T. Shinjo, and M. Shiraishi, Phys. Rev. Lett. 
110, 127201 (2013). 
[46] O. Mosendz, J. E. Pearson, F. Y. Fradin, G. E. W. Bauer, S. D. Bader, and A. Hoffmann, 
Phys. Rev. Lett. 104, 046601 (2010). 
[47] W. Lin, K. Chen, S. Zhang, and C. L. Chien, Phys. Rev. Lett. 116, 186601 (2016). 
[48] R. Ramos, T. Kikkawa, K. Uchida, H. Adachi, I. Lucas, M. H. Aguirre, P. Algarabel, L. 
Morellon, S. Maekawa, E. Saitoh, and M. R. Ibarra, Appl. Phys. Lett. 102, 072413 (2013). 
[49] P. Noel, C. Thomas, Y. Fu, L. Vila, B. Haas, P. H. Jouneau, S. Gambarelli, T. Meunier, 
P. Ballet, and J. P. Attané, Phys. Rev. Lett. 120, 167201 (2018). 
[50] J. C. Rojas-Sánchez, S. Oyarzún, Y. Fu, A. Marty, C. Vergnaud, S. Gambarelli, L. Vila, 
M. Jamet, Y. Ohtsubo, A. Taleb-Ibrahimi, P. Le Fèvre, F. Bertran, N. Reyren, J. M. George, and 
A. Fert, Phys. Rev. Lett. 116, 096602 (2016). 
[51] E. Lesne, Y. Fu, S. Oyarzun, J. C. Rojas-Sánchez, D. C. Vaz, H. Naganuma, G. Sicoli, J. 
P. Attané, M. Jamet, E. Jacquet, J. M. George, A. Barthélémy, H. Jaffrès, A. Fert, M. Bibes, and 
L. Vila, Nature Materials 15, 1261 (2016). 
[52] D. C. Vaz, P. Noël, A. Johansson, B. Göbel, F. Y. Bruno, G. Singh, S. McKeown-
Walker, F. Trier, L. M. Vicente-Arche, A. Sander, S. Valencia, P. Bruneel, M. Vivek, M. Gabay, 
N. Bergeal, F. Baumberger, H. Okuno, A. Barthélémy, A. Fert, L. Vila, I. Mertig, J.-P. Attané, 
and M. Bibes, Nature Materials  (2019). 
 
  
 17 
Supplementary information- Flexoelectric effect mediated spin to charge conversion at 
amorphous-Si thin film interfaces 
Ravindra G Bhardwaj1, Anand Katailiha1, Paul C. Lou1, W.P. Beyermann2 and Sandeep 
Kumar1,3,* 
1 Department of Mechanical Engineering, University of California, Riverside, CA 92521, USA 
2 Department of Physics and Astronomy, University of California, Riverside, CA 92521, USA 
3 Materials Science and Engineering Program, University of California, Riverside, CA 92521, 
USA 
 
A. Device fabrication process and experimental measurement 
We take a prime Si wafer and deposit 350 nm of thermal silicon oxide using chemical vapor 
deposition (CVD). Using lift-off photolithography, we then deposit the sample to be studied using 
the RF sputtering. The sputtering deposition will have substrate conformal thin film coating. 
Hence, it will have the same interfacial and surface roughness as the underlying layers. The p-Si 
target used to deposit amorphous-Si layer is Boron-doped with resistivity of 0.005-0.01 W-cm. The 
second lift-off photolithography is carried out to deposit 50 nm MgO to electrically isolate the 
sample from the heater.  The third lift-off photolithography is then used to deposit heater composed 
of Ti (10 nm)/Pt (100 nm) using e-beam evaporation. 
The residual stresses from Pt (heater) and MgO (insulator) layers are proposed to be the 
underlying cause of strain gradient mediated Rashba SOC. The existence of residual stresses can 
be seen in Supplementary Figure S1, where the Pt heater was delaminated due to the residual 
stresses. 
For the second set of devices (unstrained) with switched sample and heater positions, we first 
deposited Ti (10 nm) / Pt (100 nm) on a Si wafer with predisposition of thermal silicon oxide (650 
nm) using CVD. We then sputter 50 nm MgO using RF sputtering for electrical isolation. We 
fabricated two set of devices having the a-Si (50 nm)/Ni80Fe20 (25 nm) bilayer sample and Ni80Fe20 
(25 nm) sample on top of the MgO. 
All the measurements were carried out at 30 mA of heating current except for strained 
Ni80Fe20/Pt device where measurement was carried out at 25 mA. However, the measured response 
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at 25 mA was multiplied with a factor of 1.44 to get the equivalent response to 30 mA. This was 
done to protect the device and to have a complete measurement. The Ni80Fe20/Pt devices were 
found to be fragile for larger current, which could be due to larger residual stresses. The VNO 
response was measured using lock-in technique. 
 
Supplementary Figure S1. (a)-(b)The optical images showing Pt thin film heater layer peeled off 
(delaminated) due to residual stresses for two devices. The residual stress in Pt heater and MgO 
layer is proposed to be the cause of strain and strain gradient in the underlying sample. 
 
B. Sample characterization 
TEM sample preparation- TEM lamellae were prepared from the layered sample following 
established procedures with a Dual Beam scanning electron microscope and FIB instrument using 
Ga ion source (Quanta 200i 3D, Thermo-Fisher Scientific). First, a strap of 5 µm thick protective 
Carbon layer was deposited over a region of interest using the ion beam. Subsequently 
approximately 80 nm thin lamella of was cut and polished at 30 kV and attached to a TEM grid 
using in-situ Omniprobe manipulator. To reduce surface amorphization and Gallium implantation 
final milling at 5 kV and 0.5 nA was used to thin the sample further. 
S/TEM imaging and analysis- TEM and STEM imaging was performed at 300 kV accelerating 
voltage in a Thermo-Fisher Scientific Titan Themis 300 instrument, fitted with X-FEG electron 
source, 3 lens condenser system and S-Twin objective lens. High-resolution TEM images were 
recorded at resolution of 2048x2048 pixels with a FEI CETA-16M CMOS digital camera with 
beam convergence semi-angle of about 0.08 mrad.  STEM images were recorded with Fischione 
Instruments Inc. Model 3000 High Angle Annular Dark Field (HAADF) Detector with probe 
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current of 150 pA, frame size of 2048x2048, dwell time of 15 µsec/pixel, and camera length of 
245 mm. Energy  dispersive X-ray Spectroscopy (EDS) analyzes and elemental mapping were 
obtained in the STEM at 300 kV, utilizing  Thermo-Fisher Scientific SuperX system equipped 
with 4x30mm2 window-less SDD detectors symmetrically surrounding the specimen with a total 
collection angle of 0.68 srad, by scanning the thin foil specimens. Elemental mapping was 
performed with an electron beam probe current of 550 pA at 1024 x1024 frame resolution. 
Atomic force microscope (AFM) characterization of surface roughness- The surface roughness of 
the bilayer sample directly reflects the underlying interfacial roughness. The interfacial roughness 
cannot be more than the surface roughness since the sputter coating is conformal. The AFM 
measurements are carried out on samples having 50 nm a-Si and 5 nm a-Si layers as shown in 
Supplementary Figure S2. 
 
Supplementary Figure S2. The AFM measurements at the surface of Ni80Fe20 layer in (a) 50 nm 
and (b) 5 nm a-Si bilayer samples. The mean roughness of both samples is ~1.2 nm. 
 
C. The temperature estimation and spin-Seebeck coefficient calculation 
The increase in temperature across a current carrying heater (Pt) can be estimated using 3ω 
method, which is given by following equation: ∆𝑇 = jklmnopqrs        (S1) 
where, 𝑉uv  is the third harmonic response, 𝑅x is the resistance as a function of temperature, and 𝐼z{| is the heating current. The 3𝜔 measurement was carried out at 20 mA and resulting 
temperature rise was estimated to be 18.817 K and 18.18 K for 50 nm a-Si and 5 nm a-Si devices, 
respectively. The 𝑉uv  responses were 6.58 mV and 5.0718 mV for 50 nm a-Si and 5 nm a-Si 
devices, respectively. Similarly, the values of 𝑅x were estimated to be 0.07 Ω/𝐾 and 0.055 Ω/𝐾 
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for Pt thin film in 50 nm a-Si and 5 nm a-Si devices, respectively. Resistivity of the Pt heater is 
approximately 3.8 – 4×10-7 Ωm. The temperature rise could also be verified using change in 
resistance due to large current. From a different 5 nm a-Si sample, we measured a change in 
resistance due to 20 mA of current to be ~1.2 Ω. Consequently, the temperature rise at the heater 
will be 21.8 K, which was slightly higher and this difference could arise due to small variation in 
the value of 𝑅x. Hence, the heater temperature estimates were using 3𝜔 method were correct. The 
corresponding temperature rise for 30 mA of heating current would be 42.34 K and 41.50 K, 
respectively. Using this temperature information, we did finite element simulation using COMSOL 
and found the temperature difference across the Py film for 50 nm a-Si and 5 nm a-Si devices to 
be 11.924 mK and 11.388 mK, respectively. The values of thermal conductivities used in 
COMSOL simulations are 20 W/mK, 30 W/mK and 15 W/mK for Ni80Fe20, 50 nm a-Si and 5 nm 
a -Si, respectively. The vertical temperature distribution for 5 nm a-Si and 50nm a-Si along with 
temperature data at the interfaces is shown in the Supplementary Figure S3 and S4, respectively. 
 
Supplementary Figure S3. Temperature distribution for 5 nm a-Si SSE device 
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Supplementary Figure S4. Vertical temperature distribution for 50 nm a-Si SSE device 
 
The spin Seebeck coefficient are estimated using following equation: 𝑆 = 	 k          (S2) 
where, 2VEEG = VNO, t = 25 nm, L = 160 µm and ΔT is the temperature difference across Ni80Fe20 
film. For 5nm a-Si and 50 nm a-Si the VNO is 150.45 µV and 70 µV respectively. So, the SEEG for 
5 nm a-Si and 50nm a-Si is 1.032±0.1 µV/K and 0.458±0.05 µV/K, respectively.  
 To demonstrate the effect of magnetic field on heater temperature, we measured the angle 
dependent VuO response for an applied magnetic field of 2 T in yx-plane for Ni80Fe20/a-Si (5 nm) 
sample. We did not observe significant drift in the heater temperature at 20 mA of heater current 
as shown in Supplementary Figure S5. 
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Supplementary Figure S5. The estimated increase in heater temperature and the VuO response at 
an applied magnetic field of 2 T. 
 
D. The effect of heating current on transverse thermoelectric response in 50 nm and 5 
nm a-Si samples 
We measured the VNO response as a function of magnetic field in IM configuration in 
Ni80Fe20/a-Si (50 nm) sample at 20 mA of heating current. The total response was 33.51 µV. 
Similarly, we also measured the angle dependent VNO response Ni80Fe20/a-Si (5 nm) sample. 
The angle dependent response demonstrated the symmetry expected for SSE/ANE behavior. 
In addition, the overall response was measured to be 67.5 µV at 20 mA of heating current. 
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Supplementary Figure S6. (a) The VNO response as a function of magnetic field in IM configuration 
in Ni80Fe20/a-Si (50 nm) sample and (b) the angle dependent VNO response Ni80Fe20/a-Si (5 nm) 
sample showing the expected cosine symmetry in yx-plane. 
 
 
E. Magneto-thermal measurement in unstrained samples with heater at the bottom 
We had hypothesized that strain gradient mediated Rashba SOC is the underlying cause of 
large spin dependent thermal responses presented in this study. Thus, these responses should 
disappear if the strain is removed. We demonstrated this situation by modifying the experimental 
setup – switching the position of the heater and the sample, as shown in Supplementary Figure S6. 
In this configuration, the sample is no longer constrained by the MgO (insulator) and Pt (heater) 
layers, thus, the strain and strain gradient effects will be significantly reduced. We fabricated set 
of devices in the new configuration having the following structure- a-Si (50 nm)/Ni80Fe20 (25 nm), 
Ni80Fe20 (25 nm) and Pt (3 nm)/Ni80Fe20 (25 nm). We will call the new samples as unstrained while 
the samples in the main text will be referred to strained. 
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Supplementary Figure S7. The schematic showing the experimental setup for unstrained samples. 
The transverse thermoelectric response in IM configuration was 0.95 µV, 0.35 and 0.71 in 
a-Si (50 nm)/Ni80Fe20, Ni80Fe20 and Pt/Ni80Fe20 samples, respectively, as shown in Supplementary 
Figure S7 (a)-(d). The transverse thermoelectric response in case of Pt/Ni80Fe20 was estimated by 
angle dependent measurement as shown in Supplementary Figure S8 (d) since planar Nernst effect 
(PNE) response made it difficult to measure in field dependent measurement as shown in 
Supplementary Figure S7 (c). Similar to strained samples, the SSE response in Pt (0.36 µV) was 
estimated to be same as the ANE (easy axis) response in Ni80Fe20 (0.35 µV). The spin dependent 
thermal response in a-Si sample was 1.67 times larger than that of Pt sample as compared to four 
times in strained sample, which confirmed the effect of strain on SSE. Based on the ANE (easy 
axis) coefficient of 0.1 µV/K reported earlier, we estimated the temperature difference of 0.27 mK 
across the thickness of the sample. Hence, ANE (easy axis) coefficient, estimated in this study, is 
believed to be correct for our experimental configuration. 
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Supplementary Figure S8. The magnetic field dependent transverse thermoelectric response 
measurement in PM configuration in (a) a-Si (50 nm)/ Ni80Fe20 (25 nm), (b) Ni80Fe20 (25 nm) and 
(c) Pt (3 nm)/Ni80Fe20 (25 nm) samples, respectively. (d) the angle dependent (in xy-plane) 
transverse thermoelectric response in Pt (3 nm)/Ni80Fe20 (25 nm) sample. 
We, then, measured the transverse thermoelectric response in PM configuration. The 
measured responses are shown in Supplementary Figure S8. The Ni80Fe20 sample showed a hard-
axis ANE behavior and measured response is 15.45 µV. The Pt sample also exhibits hard-axis 
ANE behavior and measured response is 15.4 µV. Using the planar Nernst response (sin 2𝜃 in xy-
rotation as shown in Supplementary Figure S8 (d) of 0.21 µV and PNE coefficient of 70 nV/K, we 
estimated a ∆𝑇= 0.1875 K along the width of the sample. The corresponding out of plane 2𝑉  
was 15.4 µV. Using the temperature information, we estimated the ANE coefficient for in-plane 
temperature gradient:  𝑆 = 	 k         (S3) 
where, 2𝑉 = 𝑉Nv = 15.4	µV, w= 10 µm, L = 160 µm and Δ𝑇 is the temperature difference 
across the width of Ni80Fe20 thin film. The ANE coefficient for hard-axis magnetization was 
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estimated to be 2.565×10-6 µV/K. Using the slope of high field behavior, we could also estimate 
the ordinary Nernst effect (ONE) coefficient. The unstrained samples had the slopes of 0.338 
µV/T, 0.278 µV/T and 0.0015 µV/T in Ni80Fe20, Pt/ Ni80Fe20 and a-Si (50 nm)/ Ni80Fe20 samples, 
respectively. Using ∆𝑇= 0.1875 K, we estimated that the SONE were 0.113 µV/(KT) and 0.0926 
µV/(KT) in Ni80Fe20 and Pt/ Ni80Fe20 samples, respectively, as shown in Table 2 (main text). For 
the unstrained a-Si (50 nm)/ Ni80Fe20 sample, we assumed that the ANE coefficient would be same 
as Ni80Fe20. The resulting SONE in unstrained a-Si sample was estimated to be 0.0015 µV/(KT). 
 
Supplementary Figure S9. The magnetic field dependent transverse thermoelectric response 
measurement in PM configuration in (a) Ni80Fe20 (25 nm), (b) Pt (3 nm)/Ni80Fe20 (25 nm) and (c) 
a-Si (50 nm)/ Ni80Fe20 (25 nm) samples, respectively. 
 
We, then, measured the slope for ONE in strained samples– +0.445 µV/T, +2.13 µV/T, -
8.3 µV/T/6.3 µV/T and -3.6 µV/T in Ni80Fe20, Pt/ Ni80Fe20, Ni80Fe20/a-Si (5 nm) and Ni80Fe20/Cu/a-
Si (25 nm) as shown in Figure 3 of main text. In Ni80Fe20 sample (strained), we estimated the 
horizontal temperature difference using ANE and ONE coefficient’s to be 0.64 K and 0.247 K, 
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respectively, as shown in Table 2. However, the ONE coefficient reflects primarily the bulk 
behavior whereas ANE response can be significantly affected by the interfaces. Hence, the 
temperature difference calculated using ONE behavior is assumed to be closer to actual 
temperature difference. Using  ∆𝑇=0.247 K and ANE (hard axis) response of 52.5 µV, we 
estimated the SANE in strained Ni80Fe20 sample to be 6.6×10-6 µV/K instead of 2.565×10-6 µV/K in 
the unstrained sample. It is noted that unstrained sample had one interface with MgO while the 
strained sample had two interfaces one with MgO and other with SiO2. And this increase in ANE 
(hard axis) coefficient was expected to arise due to spin dependent behavior at interfaces with 
oxides. To demonstrate the effect of interface, we compared the ONE coefficient’s in strained and 
unstrained Pt devices and estimated the temperature a difference of ∆𝑇=1.437 K in strained Pt 
device. Using this temperature information, we estimated the ANE (hard axis) coefficient from 
185 µV ANE (hard axis) response to be 4.65×10-6 µV/K, which was smaller than strained Ni80Fe20 
sample. This difference in ANE (hard axis) coefficients was attributed to the absence of 
MgO/Ni80Fe20 interface in the strained Pt/Ni80Fe20 sample. For 5 nm a-Si strained sample, the ONE 
response was negative and could not be considered to be same as Ni80Fe20 sample in spite of a-Si 
being only 5 nm. Instead, we estimated the temperature difference of ∆𝑇=0.726 K from 95.93 µV 
of ANE (hard axis) response and using ANE (hard axis) coefficient of 6.6×10-6 µV/K. Then, the 
corresponding SONE would be -0.542 µV/(KT) and -0.714 µV/(KT) for negative and positive 
magnetic fields, respectively. The a-Si sample clearly showed an asymmetry in the ONE 
measurement. Using similar assumption, we estimated the ∆𝑇=0.338 K and SONE=-0.664 
µV/(KT) in Ni80Fe20/Cu/a-Si (25 nm) sample. This exercise demonstrated approximate 
temperature differences and corresponding ANE (hard-axis) and ONE coefficients, which are 
consistent with values reported in literature.  
 Additionally, in case of unstrained a-Si (50 nm)/Ni80Fe20 sample, the transverse 
thermoelectric response in PM configuration exhibits a hard-axis ANE behavior and response is 
~2.5 µV as shown in Supplementary Figure S9 (c). This behavior is opposite as compared to the 
strained sample, as shown in Figure 3 (c) in the main text. In strained sample, the magnitude of 
low field response in PM configuration is similar to total response in IM configuration, which 
means that 0.95 µV of low field thermal response should have been present in PM configuration 
for unstrained sample. The absence of such response clearly indicated that the observed behavior 
arose due to strain and strain gradient at the interface. In addition, the response in PM configuration 
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also proves that the interstitial Cu and Ni atoms are not the primary drivers of spin dependent 
behavior reported in this study. Instead, interfacial roughness in conjunction with strong Rashba 
SOC might be the underlying cause of observed behavior PM configuration as hypothesized. 
 
 
 
 
 
 
